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Abstract
We implement the mechanism of spontaneous CP violation in the 3-3-1 model with right-handed
neutrinos and recognize their sources of CP violation. Our main result is that the mechanism
works already in the minimal version of the model and new sources of CP violation emerges as an
effect of new physics at energies higher than the electroweak scale.
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I. INTRODUCTION
There are two possibilities of implementation of CP violation in gauge models. The most
popular one is the explicit CP violation mechanism [1]. This is the case of CP violation in
the quark sector of the standard model (SM) of the electroweak interactions. Basically it is
assumed that the Yukawa parameters of the model are complex, thus providing a complex
mass matrix for the quarks whose diagonalization requires unitary transformation. As a
consequence, considering three generations of quarks, one arbitrary phase will remain in the
CKM mixing matrix [1, 2]. As such a mixing appears only in the quark sector that is the
only place where CP violation can arise in SM [3].
Another way to obtain CP violation is through the spontaneous breaking of the gauge
symmetry. In gauge models the breaking of the gauge symmetry is achieved through a
non-zero vacuum expectation value (VEV) of some neutral scalars. In the general case such
VEV should be complex. In this case, even though we departure from a real Lagrangian,
when the neutral scalars of the model develop VEV’s, phases will be introduced into the
Lagrangian. Some of these phases can remain in the model depending on the constraints of
the scalar potential at its minimum and whether the fields redefinition do not eat them. If
at least one phase survives, we have spontaneous CP violation (SCPV) [4].
Although more appealing than the explicit case, it is not straightforward to implement
the SCPV mechanism in gauge models. Usually the phases that accompany the real part of
the VEVs can be easily eliminated by an adequate gauge transformation. For example, in
the standard model the SU(2)L ⊗ U(1)Y gauge symmetry allows us to eliminate the phase
of the standard VEV. The minimal extension of the standard model that accommodates
SCPV does it through the addition of a second Higgs doublet in the context of the most
general potential [5].
The procedure to implement the SCPV in any model is quite simple. Consider all neutral
scalars that can develop complex VEV in the respective model. Obtain the constraint
equations on the phases which come from the minimum condition of the scalar potential.
Check how many phases the gauge transformation can eliminate. Finally, wherever it is
possible, redefine the fields as to absorb the remaining phases. If, in the end, at least one
phase survives, then the SCPV mechanism works in the model considered.
In this work we implement the SCPV mechanism in the SU(3)C⊗SU(3)L⊗U(1)N (3-3-1)
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gauge model for the electroweak and strong interactions that posses right-handed neutrinos
composing the fundamental representation [6]. The SCPV was already considered in other
versions of 3-3-1 models [7, 8]. In general all the 3-3-1 models require at least three scalar
triplets in order to generate the correct particle masses of the model. Considering that each
scalar triplet involves at least one neutral scalar, then we are going to have at least three
phases when no complex coupling is assumed. Nevertheless, the SU(3)L⊗U(1)N symmetry
allows us to eliminate two of these phases and, certainly, the minimum condition of the
scalar potential of the model will provide an additional constraint over the phases. Thus, it
is expected that, in the case of three triplets and three phases, the gauge symmetry and the
minimum constraint lead to a trivial solution, i.e., that these three phases can be washed out
of the model. It was shown in Ref. [7] that this kind of 3-3-1 model requires three triplets
and one scalar sextet in order to SCPV be implemented.
The minimal 3-3-1 model with right-handed neutrinos also requires only three scalar
triplets to generate the needed masses. What motivates our investigation of the SCPV in
this model is that its scalar sector differs from the other models in a subtle aspect. Two of
its three scalar triplets posses each one two neutral scalars. Thus, in this model, we dispose
from the beginning of a total of five neutral scalars. When we assume that all of them
develop complex VEV’s, five phases appear in the model. We will show that in this scenario
one phase still survives the gauge transformation, the constraints for the minimum of the
potential and the fields redefinition, allowing for SCPV mechanism with only three scalar
triplets.
This paper is organized as follows. In Sec. II we specify the model. We then implement
SCPV in this 3-3-1 model in Sec. III. In Secs. IV and V we point out the sources of CP
violation. We finish with our conclusions in Sec. VI.
II. THE MODEL
In the 3-3-1 model with right-handed neutrinos the leptons come in triplet and in singlet
representations,
faL =


νaL
eaL
νCaL

 ∼ (1 , 3 , −1/3) , eaR ∼ (1, 1,−1), (1)
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while in the quark sector, one generation comes in the triplet and the other two compose an
anti-triplet representation with the following content,
QiL =


di
−ui
d′i


L
∼ (3 , 3¯ , 0) , uiR ∼ (3, 1, 2/3),
diR ∼ (3, 1,−1/3) , d′iR ∼ (3, 1,−1/3),
Q3L =


u3
d3
u′3


L
∼ (3 , 3 , 1/3), u3R ∼ (3, 1, 2/3),
d3R ∼ (3, 1,−1/3) , u′3R ∼ (3, 1, 2/3) (2)
where a = 1, 2, 3 refers to the three generations and i = 1, 2. The primed quarks are the
new quarks but with the usual electric charges.
In order to generate the correct particle masses, the model requires only three scalar
triplets, namely,
η =


η0
η−
η′0

 , ρ =


ρ+
ρ0
ρ′+

 , χ =


χ0
χ−
χ′0

 , (3)
with η and χ both transforming as (1 , 3 , −1/3) and ρ transforming as (1 , 3 , 2/3).
We assume the following set of discrete symmetries over the full Lagrangian in order to
have a minimal model,
(χ , η , ρ , eaR , uaR , u
′
3R , daR , d
′
iR)→ − (χ , η , ρ , eaR , uaR , u′3R , daR , d′iR) (4)
This set of discrete symmetries helps in avoiding the undesirable Dirac mass terms for the
neutrinos and allows a minimal and realistic CP conserving potential [9],
V (η, ρ, χ) = µ2χχ
2 + µ2ηη
2 + µ2ρρ
2 + λ1χ
4 + λ2η
4 + λ3ρ
4 +
λ4(χ
†χ)(η†η) + λ5(χ
†χ)(ρ†ρ) + λ6(η
†η)(ρ†ρ) +
λ7(χ
†η)(η†χ) + λ8(χ
†ρ)(ρ†χ) + λ9(η
†ρ)(ρ†η) +
f√
2
ǫijkηiρjχk +H.c. (5)
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The Yukawa sector of the model is given by the following CP conserving interactions,
LY = fij
(
Q¯iLχ
∗d′jR + Q¯iLη
∗d′jR
)
+ f33
(
Q¯3Lχu
′
3R + Q¯3Lηu
′
3R
)
+ gia
(
Q¯iLη
∗daR + Q¯iLχ
∗daR
)
+h3a
(
Q¯3LηuaR + Q¯3LχuaR
)
+ g3aQ¯3LρdaR + hiaQ¯iLρ
∗uaR +Gaaf¯aLρeaR +H.c. (6)
With this set of Yukawa interactions all fermions, except the neutrinos, gain masses. In this
model neutrinos gain masses through effective dimension-five operators as shown in Ref. [10].
III. SPONTANEOUS CP VIOLATION
Let us assume that all neutral scalars composing the triplets, ρ , η and χ, develop complex
VEV’s,
η =


eiθη√
2
(vη +Rη + iIη)
η−
e
iθ
η′√
2
(
vη′ +Rη′ + iIη′
)

 , ρ =


ρ+
eiθρ√
2
(vρ +Rρ + iIρ)
ρ′+

 , χ =


eiθχ√
2
(vχ +Rχ + iIχ)
χ−
e
iθ
χ′√
2
(
vχ′ +Rχ′ + iIχ′
)

 .(7)
The minimum condition for the potential in Eq.(5), when the scalars develop five non-
trivial VEV’s, translates into a set of constraints on the VEV’s and phases of the model.
On substituting Eq.(7) at the potential in Eq. (5), we obtain the following set of constraints
on the phases,
θη + θρ + θχ′ = 0 , θη′ + θρ + θχ = 0, (8)
and the following ones on the VEVs,
µ2χ + λ1
(
v2χ′ + v
2
χ
)
+
λ4
2
(
v2η + v
2
η′
)
+
λ5
2
v2ρ +
λ7
2
(vη′vχ′ + vηvχ)
vη
vχ
− f
2
vη′vρ
vχ
= 0,
µ2χ + λ1
(
v2χ′ + v
2
χ
)
+
λ4
2
(
v2η + v
2
η′
)
+
λ5
2
v2ρ +
λ7
2
(vη′vχ′ + vηvχ)
vη′
vχ′
+
f
2
vηvρ
vχ′
= 0,
µ2η + λ2
(
v2η′ + v
2
η
)
+
λ4
2
(
v2χ′ + v
2
χ
)
+
λ6
2
v2ρ +
λ7
2
(vχvη + vχ′vη′)
vχ
vη
+
f
2
vρvχ′
vη
= 0,
µ2η + λ2
(
v2η′ + v
2
η
)
+
λ4
2
(
v2χ′ + v
2
χ
)
+
λ6
2
v2ρ +
λ7
2
(vχvη + vχ′vη′)
vχ′
vη′
− f
2
vρvχ
vη′
= 0,
µ2ρ + λ3v
2
ρ +
λ5
2
(
v2χ′ + v
2
χ
)
+
λ6
2
(v2η′ + v
2
η) +
f
2
vηvχ′
vρ
− f
2
vη′vχ
vρ
= 0. (9)
The origin of the constraints on the phases is the non-hermitian f -term in the potential in
Eq. (5). Observe that we have only two constraints on the five phases. This is not sufficient
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for us to conclude whether we have a non-trivial solution or not because the SU(3)L×U(1)N
symmetry allows us to take two of these phases as zero. This, together with the constraint
in Eq.(8), allow us to get rid of four phases. As we have five phases, in the end of the day
one phase survives, and we could possibly end up with SCPV if, after fields redefinition,
such a phase cannot be eliminated.
Note that it is essential for the SCPV that the model develops five phases. We have to
emphasize that the model works perfectly well when only three of the neutral scalars, η0, ρ0
and χ′0, develop complex VEVs. In this case the only constraint that survives is the first
one in Eq.(8). However this constraint together with the gauge freedom are sufficient to
eliminate the three phases. This is also the case with four VEVs. Thus SCPV in the 3-3-1
model with right-handed neutrinos necessarily requires that all neutral scalars of the three
triplets of the model develop VEVs.
It is important to stress that in the 3-3-1 model presented in the second article of Ref. [8]
the equivalent trilinear term explicitly violates CP. As we will see below, there is no need of
any kind of explicit CP violation here, so that our procedure might yield a genuine SCPV
mechanism, without recurring to a CP violation coupling or any extra scalar fields neither
a huge potential.
Once we are sure that at least one phase remains after the procedure above described,
the next step is to obtain the sources of CP violation in the model. This is done by opening
up all interaction terms in the model and caring about the fields rotation we are allowed to
make, in order to render mass matrices real. If after all possible fields redefinition a phase
still survives, we promptly identify the terms in the Lagrangian which violate CP. In view
of this it is adequate, at this point of the work, to choose which phases we are going to take
as zero. Without any particular reason we can take
θρ = θη = 0 . (10)
With this, the constraints in Eq.(8) automatically imposes
θχ′ = 0 , and , θχ = −θη′ . (11)
Next we are going to explore the consequences of this framework.
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IV. QUARK SECTOR
We first concentrate on the up-type quarks. Expanding the neutral scalars about their
respective VEV’s, given by Eq. (7), and using the results in Eqs. (10) and (11), we obtain
the following mass matrix for the up-type quarks in the basis (u1 , u2 , u3 , u
′
3)
Mu =
1√
2


−h11vρ −h12vρ −h13vρ 0
−h21vρ −h22vρ −h23vρ 0
h31(vη + e
iθχvχ) h32(vη + e
iθχvχ) h33(vη + e
iθχvχ) f33(vη + e
iθχvχ)
h31(vχ′ + e
−iθχvη′ ) h32(vχ′ + e
−iθχvη′) h33(vχ′ + e
−iθχvη′) f33(vχ′ + e
−iθχvη′)


. (12)
It is not possible to redefine any quark field in order to turn this matrix real. Thus in being
a complex mass matrix, it can be brought to a diagonal form by an unitary transformation,
V uLMuV
uT
R = mu = diag (mu , mc , mt , mT ), which connects the flavor eigenstates with the
mass eigenstates


u1L
u2L
u3L
u′3L


= V uL


uL
cL
tL
TL


,


u1R
u2R
u3R
uˆ′3R


= V uR


uR
cR
tR
TR


. (13)
We represent these new bases (mass eigenstates) as UL = (uL , cL , tL , TL)
T and UR =
(uR , cR , tR , TR)
T .
In regard to the down-type quarks, we obtain the following mass matrix in the basis
(d1 , d2 , d3 , d
′
1 , d
′
2),
Md =
1√
2


g11(vη + e−iθχvχ) g12(vη + e−iθχvχ) g13(vη + e−iθχvχ) f11(vη + e−iθχvχ) f12(vη + e−iθχvχ)
g21(vη + e−iθχvχ) g22(vη + e−iθχvχ) g23(vη + e−iθχvχ) f21(vη + e−iθχvχ) f22(vη + e−iθχvχ)
g31vρ g32vρ g33vρ 0 0
g11(vχ′ + e
iθχvη′ ) g12(vχ′ + e
iθχvη′) g13(vχ′ + e
iθχvη′ ) f11(vχ′ + e
iθχvη′ ) f12(vχ′ + e
iθχvη′ )
g21(vχ′ + e
iθχvη′ ) g22(vχ′ + e
iθχvη′) g23(vχ′ + e
iθχvη′ ) f21(vχ′ + e
iθχvη′ ) f22(vχ′ + e
iθχvη′ )


.(14)
Again, this matrix cannot be made real by redefinition of the quark fields, thus it will be
diagonalized by an unitary transformation V dLMdV
dT
R = mu = diag (md , ms , mb , mD , mS),
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where 

d1L
d2L
d3L
d′1L
d′2L


= V dL


dL
sL
bL
BL
SL


,


d1R
d2R
d3R
d′1R
d′2R


= V dR


dR
sR
bR
BR
SR


, (15)
where the basis for the mass eigenstates is represented by DL = (dL , sL , bL , BL , SL)
T and
DR = (dR , sR , bR , BR , SR)
T .
A. Quark-neutral scalars couplings
The neutral current interactions among the up-type quarks and the neutral scalars of the
model are given by,
Lu−u−neutralY = U¯βLA′′βαkUαRHk + iU¯βLB′′βαkUαRGk +H.c., (16)
where
A′′βαk =
(
f33√
2
V u†3βLV
u
4αR +
h3a√
2
V u†3βLV
u
aαR
)(
eiθχOR4k + e−iθχOR5k +OR2k +OR1k
)
Hk
−hia√
2
V u†iβLV
u
aαROR3kHk,
B′′βαk =
(
f33√
2
V u†3βLV
u
4αR +
h3a√
2
V u†3βLV
u
aαR
)(
eiθχOI4k + e−iθχOI5k +OI2k +OI1k
)
Gk
−hia√
2
V u†iβLV
u
aαROI3kGk. (17)
where β , α , k = 1, 2, 3, 4 andHk, Gk are the neutral scalars mass eigenstates and the factors
OR and OI are elements of the diagonalization matrices for the scalars (see the appendix).
Notice that in Eqs. (17), there are phases multiplying some of the real factors (those
related to elements of orthogonal matrices O’s) but not all. Thus, even if the products
of the diagonalization matrix elements present in these equations were not complex, this
explicit phase guarantees that A′′βαk and B
′′
βαk carry terms with distinct phases. Then, the
neutral interactions in Eq. (16) involve flavor changing and CP violation as is usual in models
of SCPV.
8
The interactions of the physical down-type quarks with the neutral scalars are given by
Ld−d−neutralY = D¯γLA′γσkDσRHk − iD¯γLB′γσkDσRGk +H.c, (18)
where,
A′γσk =
(
fip√
2
V d†iγLV
d
pσR +
gia√
2
V d†iγLV
d
aσR
)(
e−iθχOH4k +OH2k
)
+
(
fpq√
2
V d†pγLV
d
qσR +
gpa√
2
V d†pγLV
d
aσR
)(
eiθχOH5k +OH1k
)
+
g3a√
2
V d†3γLV
d
aσROH3k,
B′γσk =
(
fip√
2
V d†iγLV
d
pσR +
gia√
2
V d†iγLV
d
aσR
)(
e−iθχOI4k +OI2k
)
+
(
fpq√
2
V d†pγLV
d
qσR +
gpa√
2
V d†pγLV
d
aσR
) (
eiθχOI5k +OI1k
)
+
g3a√
2
V d†3γLV
d
aσROI3k. (19)
where γ, σ = 1, 2, 3, 4, 5, p, q = 4, 5, i = 1, 2 and a = 1, 2, 3. As before, similarly to the up-
quarks interactions, a phase survives here and we have CP violation coming from interactions
presenting flavor changing neutral currents.
B. Quark-charged scalars couplings
Let us now present the Yukawa interactions among quarks and charged scalars. Making
use of the redefinition of the charged scalars η+ and ρ+ given in Eq. (A6), the Yukawa
interactions among physical quarks and charged scalars take the simple form
Lu−d−h+Y = U¯βAβγk
1 + γ5
2
Dγh
+
k + U¯βBβγk
1− γ5
2
Dγh
+
k +H.c, (20)
where
Aβγr = −fipV u†iβLV dpγROh1k − giaV u†iβLV daγROh1k − eiθχfipV u†iβLV dpγROh2k
−eiθχgiaV u†iβLV daγROh2k + eiθχg3aV u†3βLV daγROh3k + g3aV u†4βLV daγROh4k,
Bβγr = f33V
u†
4βRV
d
3γLOh1k + h3aV u†aβRV d3γLOh1k + eiθχf33V u†4βRV d3γLOh2k
+eiθχh3aV
u†
aβRV
d
3γLOh2k + eiθχhiaV u†aβRV diγLOh3k + hpaV u†aβRV dpγLOh4k.
(21)
Looking at the several terms in these equations, we reach the same conclusion as before, the
surviving phase establishes that we have CP violation involving quarks and charged scalars
too.
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C. Quark-gauge boson couplings
Finally, we consider the gauge boson interactions with quarks. The 3-3-1 model disposes
of nine gauge bosons. Four of them are charged, W± and V ±, plus a pair of neutral non-
hermitian gauge bosons, U0and U0†, and three neutral hermitian ones, Z0, Z ′0 and the
photon, γ.
In view of the quark mixing given in Eq. (13) and Eq. (15), the interactions involving the
standard charged gauge bosons, W±, and the quarks are given by the terms
LccW = −
g√
2
u¯LVCKMγ
µdLW
+
µ −
g√
2
T¯L
(
V u†34LV
d
3pL + V
u†
i4LV
d
ipL
)
γµDpLW
+
µ +H.c, (22)
where u = (u , c , t)T , d = (d , s , b)T , i = 1, 2, p = 4, 5, β = 1, 2, 3, 4 and VCKM =(
V u†iβLV
d
iβL + V
u†
3βLV
d
3βL
)
can be arranged to mimic the standard CKM mixing matrix which
can be parametrized by three angles and one phase. Then, as usual, the first interaction term
in Eq. (22) presents CP violation because VCKM disposes of a phase. This term recovers all
the standard CP violation implications as, for instance, the standard model contribution to
the ǫ parameter in the K0 − K¯0 system. The last interaction term involving W± and the
new quarks B, S and T arises due to the mixing among the standard quarks and the new
quarks.
The interactions involving the V ± gauge bosons and quarks are given by
LccV = −
g√
2
(
U¯βLV
u†
4βLV
d
3γLγ
µDγL + U¯βLV
u†
iβLV
d
pγLγ
µDγL
)
V +µ . (23)
However when the neutral scalars χ0 and η′0 develop their respective VEVs a mixing among
W+ and V + arises
(
W+µ , V
+
µ
) g2
4

 v2ρ + v2χ + v2η e−iθχ(vχvχ′ + vηvη′)
eiθχ(vχvχ′ + vηvη′) v
2
ρ + v
2
η′ + v
2
χ′



W−µ
V −µ

 . (24)
The physical charged gauge bosons are obtained by diagonalizing this mixing matrix. How-
ever such a matrix is a complex one but we can turn it real through the redefinition,
Vˆ +µ = e
iθχV +µ . (25)
Note that this redefinition leaves Eq. (23) with an explicit phase,
Lcc
Vˆ
= − g√
2
e−iθχ
(
U¯βLV
u†
4βLV
d
3γLγ
µDγL + U¯βLV
uT
iβLV
d
pγLγ
µDγL
)
Vˆ +µ . (26)
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As a consequence the interactions among charged gauge bosons and the quarks also violate
CP.
We show below the interactions among quarks and the non-hermitian gauge boson U0,
LneutralU = −
g√
2
(
U¯βLV
u†
3βLV
u
4αLγ
µUαL − D¯γLV d†pγLV diσLγµDσL
)
U0µ +H.c. (27)
Again, here the VEV’s vχ and vη′ promote a mixing among the neutral massive gauge bosons
Z0, Z ′0 and U0 such that the physical bosons come from the diagonalization of such a mixing
mass matrix. As the mixing is due to the VEV’s that carry the phases, vχ and vη′ , the mixing
matrix is a complex one. Similarly to the charged gauge boson sector, we can make it real
through the redefinition [13]
Uˆ0 = e−iθχU0. (28)
As an immediate consequence, the interactions in Eq. (27) gain a phase,
Lneutral
Uˆ
= − g√
2
eiθχ
(
U¯βLV
u†
3βLV
u
4αLγ
µUαL − D¯γLV d†pγLV diσLγµDσL
)
Uˆ0µ +H.c. (29)
The interactions among quarks and the neutral self-conjugated gauge bosons, Z0 and
Z ′0, always involve quarks and their conjugate field, thus no phase can be present on these
interactions.
In summary, in addition to the standard source of CP violation for the quarks, the model
disposes of many other sources of CP violation. This implies that several new contributions
to the physics of CP violation emerges from this model. However, as can be seen from
the results above, all these new CP violating interactions carry at least two new unknown
mixing matrix elements, and any process of interest will show up as a large product of these
unknown parameters. In view of this we will stick with just one such effect for illustration
purposes. Namely, we will evaluate the contribution to the neutron electric dipole momet
(EDM) due to the charged scalars. In FIG. 1 we draw some of the diagrams which enter
in the full computation (diagramas with a photon attached to the internal quarks are not
shown). According to the interactions in Eq. (20), we have contributions to the EDM of a
quark already at one loop level. Any such contribution has the general expression [11],
deq =
∑
β , α , k
mβ
16π2m2hk
Im(BβαkA
∗
βαk)
(
QβJ(
m2β
m2hk
) +QkI(
m2β
m2hk
)
)
, (30)
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where
I(r) =
1
2(1− r)2
(
1 + r +
2r ln(r)
1− r
)
, J(r) =
1
2(1− r)2
(
3− r + 2 ln(r)
1− r
)
, (31)
mβ and mhk are the masses of the quarks and scalars, respectively, that run inside the loop
and Qβ and Qk are their corresponding electric charges.
We need to consider standard model quarks qSM , whose main contribution to their EDM
will be those involving new heavy quarks T ,B , S and the top-quark in the loop. For sim-
plicity, we consider the new heavy quarks only, whose mass scale can be naturally assumed
to be around 500 GeV. As for the scalars we assume their masses of order of 102 GeV. With
these choices we have the following prediction for the EDM of qSM ,
deqSM ≈ 10−18Im
(
BβαkA
∗
βαk
)
e.cm. (32)
We should stress that Im
(
BβαkA
∗
βαk
)
involves the product of small (or at most a fraction
of unit) parameters, six elements of mixing matrix and two Yukawa couplings. It would
be very reasonable to expect that Im
(
BβαkA
∗
βαk
)
could be naturally of the order of 10−9,
which would result in the prediction of deqSM ≈ 10−27ecm.
The valence quark contribution to the neutron EDM is simply obtained from the EDM
of the quarks u and d through the relation,
dn =
4
3
dd −
1
3
du. (33)
For the values of the EDM of the quarks discussed above, we get a prediction for the neutron
EDM close to the recent bounds [12], dn ≈ 10−26e.cm. Of course, we could have obtained
a much smaller value, depending on the smallness of our mixing parameters and Yukawa
couplings, but it is interesting that our conservative assumption is fairly able to explain the
experimental observation in the context of SCPV in this 3-3-1 model.
V. LEPTON SECTOR
Let us start by the gauge boson interactions among leptons. Forgetting for a while
the mixing among the gauge bosons, the redefinitions in Eqs. (25) and (28) lead to the
interactions,
LlW,V,U = −
g√
2
[
ν¯aLγ
µeaLW
+
µ + e
−iθχ ν¯CaLγ
µeaLVˆ
+
µ + e
−iθχ ν¯CaLγ
µνaLUˆ
0†
µ
]
+H.c. (34)
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These phases in the gauge boson interactions can be easily removed by the redefinition
¯ˆνCaL = e
−iθχ ν¯CaL, (35)
which gives
LlW,V,U = −
g√
2
[
ν¯aLγ
µeaLW
+
µ +
¯ˆνCaLγ
µeaLVˆ
+
µ +
¯ˆνCaLγ
µνaLUˆ
0†
µ
]
+H.c. (36)
Thus, differently from the quark sector, we conclude that the interactions among leptons
and gauge bosons do not violate CP.
We have to develop now the Yukawa interactions for the leptons. Opening the last term
of Eq. (6), we obtain
LlY = Gaa
[
e¯aLeaRρ
0 + ν¯aLeaRρ
+ + ν¯CaLeaRρ
′+]+H.c. (37)
Taking the redefinition in Eqs. (A6) and (35), and considering the physical charged scalars
given by Eq. (A7), we get
LlY = Gaa
[
e¯aLeaRρ
0 + e−iθχ ν¯aLOh3keaRh+ + eiθχ ¯ˆνCaLOh4keaRh+
]
+H.c. (38)
Similarly as in the quark sector, CP violation in the leptonic sector arises in the interactions
among leptons and the charged scalars of the model. This is a very peculiar result for this
kind of model, since it predicts a not yet observed CP violation among leptons. There
is a possibility of directly observing these CP violating interactions at next generation of
colliders if the charged scalar mixing is not too much suppressed. Of course, their indirect
effects, as for instance the dipole moments of leptons, could also be computed by making
some assumptions about the couplings and scalar masses, as well as lepton mixing, but this
is out of the scope of this study.
VI. CONCLUSIONS
We basically implemented the SCPV mechanism in the 3-3-1 model with right-handed
neutrinos and pointed the sources of CP violation in the model. A remarkable fact, when
compared to other models available, is that this model did not demand any extension for
the mechanism to work, neither the potential needed to be the most complete one. In other
words, once we departed from a Lagrangian with no complex couplings, thus conserving
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CP at this level, the existence of complex VEV’s inevitably realizes SCPV in the minimal
version of the 3-3-1 model with right-handed neutrinos [14]. It is also important to stress
that the model recover the standard CKM mixing matrix with three angles and a phase
thus recovering all the CP violation effect of the standard model. Other CP violation effects
are genuine effects of new physics at high energies as for example an EDM for the neutron
around the experimental value. All these new effects could be computed, in principle, if we
had a better knowledge of the several mixing terms and couplings involved, as well as some
assumption over the new scalars masses. Besides, it would be possible to see some direct
effects at the next generation of colliders since there are CP violating couplings among
leptons and charged scalars. Hence, it is a nice outcome to have a neat realization of
SCPV in the 3-3-1 model with right handed neutrinos in its minimal version, capable of
mimicking the CKM CP violation effects and possessing additional sources of CP violation
with consequences beyond the hadronic physics.
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APPENDIX A
The mass matrix for the neutral scalar in the basis (Rχ , Rη′ , Rχ′ , Rη , Rρ), is given
by
1
4


−λ7
v
η′
v
χ′
vη
vχ
+ f
vρvχ′
vχ
λ7vχ′vη λ7vηvη′ λ7(vη′vχ′ + 2vχvη) −fvη′
− −λ7
vηvχvχ′
vη
v
η′
+ f
vρvχ
v
η′
λ7(vχvη + 2vη′ vχ′ ) λ7vχvχ′ −fvχ′
− − −λ7
v
η′
vχvη
v
χ′
− f
vρvη
v
χ′
λ7vχvη′ + fvρ fvη
− − − −λ7
v
η′
vχvχ′
vη
− f
vρvχ′
vη
fvχ′
− − − − f
( v
η′
vχ
vρ
−
vηvχ′
vρ
)
.

 .(A1)
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It is a real mass matrix, thus the mass eigenstates are obtained from the symmetrical
eigenstate by an orthogonal transformation


Rχ′
Rη
Rρ
Rχ
Rη′


= OR


H1
H2
H3
H4
H5


. (A2)
For the case of the pseudo scalars, we have, in the basis (Iη′ , Iχ , Iχ′ , Iη , Iρ), the
following mass matrix
1
4


−λ7
v
η′
vηvχ′
vχ
+ f
vρvη′
vχ
−λ7vηvχ′ + fvρ λ7vηvη′ λ7vχ′vη′ fvη′
− −λ7
v
χ′
vχvη
v
η′
+ f
vχvρ
v
η′
λ7vηvχ λ7vχ′vχ fvχ
− − −λ7
vηvχvη′
v
χ′
− f
vηvρ
v
χ′
−λ7vη′vχ − fvρ −fvη
− − − −λ7
v
χ′
v
η′
vχ
vη
− f
vρvχ′
vη
−fvχ
− − − − −f
(
vηvχ′
−v
η′
vχ
)
vρ

 .(A3)
It is also a real mass matrix, thus the mass eigenstates are obtained by an orthogonal
transformation 

Iχ′
Iη
Iρ
Iχ
Iη′


= OI


G1
G2
G3
G4
G5


. (A4)
For the case of charged scalars, we have the following mass matrix in the basis
(η+ , ρ+ , χ+ , ρ′+),
1
2


λ7(v
2
χ +
vχvχ′
v
η′
vη
)− f
vρvχ′
vη
+ λ9v
2
ρ λ9vρvη − fvχ′ e
−iθχλ7(vηvχ + vχ′vη′ ) e
−iθχ
(
λ9vρvη′ + fvχ
)
− λ8v
2
χ + λ9v
2
η − f(
vηvχ′
−v
η′
vχ
vρ
) e−iθχ (vχvρ + fvη′ ) e
−iθχ (vχvχ′ + vηvη′ )
− − λ8v
2
ρ − λ7(v
2
η′
+
v
η′
vχvη
v
χ′
)− f
vηvρ
v
χ′
λ8vρvχ − fvη
− − − λ8v
2
χ′
+ λ9vη′ − f
vηvχ′
−v
η′
vχ
vρ

 .(A5)
This is notoriously a complex mass matrix, but we can easily turn it real by the redefi-
nition of the fields,
η+ = eiθχ ηˆ+ and ρ+ = eiθχ ρˆ+. (A6)
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In this case an orthogonal transformation takes the symmetric eigenstates into the mass
eigenstate


χ+
ηˆ+
ρˆ+
ρ′+


= Oh


h+1
h+2
h+3
h+4


. (A7)
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FIG. 1: Some of the one-loop diagrams contributing to neutron EDM.
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